This paper presents a computational model coupling heat, water and salt ion transport, salt crystallization, deformation and damage in porous materials. We focus on crystallization-induced damage. The theory of poromechanics is employed to relate stress, induced by crystallization processes or age. The results show that the effective stress caused by salt crystallization depends not only on the crystallization pressure but also on the amount of salt crystals, which is determined by the spreading of crystals in the porous material and the crystallization kinetics.
water and dissolved salt ions. Exchange of water can occur between the 48 liquid and the gas phase due to evaporation or condensation, or between the 49 liquid and the crystal phase when hydrated salt crystals form or dissolve.
50
Exchange of salt ions occurs between the liquid and the crystal phase when 51 crystals precipitate or dissolve. We assume that the dissolved salt does not 52 separate macroscopically in the absence of an electric field. Thus the cations 53 and anions are always transported jointly. 54 We further assume that the solid phase does not exchange mass with 55 other phases. We consider the gas pressure, p g , to be constant and equal 56 to the atmospheric pressure. In addition, we consider changes in the water 57 vapor mass to be negligible with respect to changes in the liquid water mass 58 and we assume that salt crystals do not move in the pore space.
59
Under these assumptions, the mass balance is expressed by:
with Φ the total accessible porosity, S l and S cr the liquid and the crystal 61 saturation degree, and ρ l and ρ cr the density of the liquid phase and of the 62 salt crystal. K l is the liquid permeability as function of capillary pressure p c .
63
The capillary pressure expresses the pressure difference across the liquid-gas 64 interface and is defined as:
with p l the liquid pressure and p g the (constant) gas pressure. δ v is the 66 vapor permeability in function of vapor pressure p v . The vapor pressure can 67 be expressed in terms of the capillary pressure p c , the absolute temperature
68
T and the water activity a w by the modified Kelvin relation:
with p v,sat the saturated vapor pressure, ρ w the water density and R v the in equilibrium with pure water. For pure water, the water activity equals 1.
74
The higher the salt concentration gets, the lower the water activity will be, 75 leading to lower vapor pressures.
76
Under the assumption that the dissolved salt ions are transported to-77 gether, the mass balance for the salt dissolved in the liquid phase reads:
with C the salt concentration in mole/kg liquid solution andV cr the molar 
89
The heat flux q e is a combination of a conductive part and an advective 90 part. The conductive part is given by Fourier's law:
91 q e,c = −λ∇T (6) with λ the apparent thermal conductivity of the porous material. The ad-92 vective part is described as:
with c p,v the specific heat capacity of water vapor and L v the latent heat of 94 evaporation of water. 
Salt crystallization

96
The salt crystal mass balance reads: 
For the modeling of the crystallization, besides the kinetics, also the availability of pore volume space needs to be considered. If no space is available for crystals to grow, crystallization will stop and consequently the concentration in the solution will remain higher than when the crystals could grow freely. Moreover, dissolution can only take place as long as there are crystals present. Finally, the presence of crystals at a certain location influences nucleation and growth of crystals at neighboring locations. In order to get a stable numerical method incorporating all these constraints, the mass exchange term e crl is implemented as:
where the first term represents crystal growth and the second term represents 108 crystal dissolution.
109
The function f is introduced to ensure that: S cr = 0, the dissolution kinetics stop and f (S cr , 0) equals 0.
118
Physically, we would only need a step function to define f . However, as 119 step functions may introduce numerical problems due to their discontinuous 120 nature, we smooth the function f by means of an exponential function:
where sgn() represents the signum function, x 1 and x 2 are values, and HBW 122 is a parameter controlling the width over which the step is smeared in 
127
The function U thr is defined as:
and represents the drop of the crystallization threshold from U start to 1. has to exceed the supersaturation value U start before crystallization starts.
131
The drop from U start to 1 is related to the nucleation and growth kinetics.
132
The nucleation and growth kinetics determine how long a certain supersat- 
with w f a weighting function, defined as a multivariate normal distribution:
with r the distance away from the evaluated point and l the influence length. 
Conservation of momentum
148
The solid momentum balance, in absence of body forces, reads:
with σ s the partial stress tensor, expressed as: 
withK the bulk modulus of the porous material (solid matrix and pore 155 space) andK s the bulk modulus of the solid matrix.
156
The solid pressure is defined according to the theory of poromechanics 
where j represents the different phases present in the pore space, being gas, 
It is generally assumed that there is a thin liquid film between the salt crystal 165 and the solid matrix (see Figure 1 ) (Scherer, 2004; Steiger, 2005a) . Thus there 166 is no direct interface between the salt crystal and the solid matrix. Therefore,
167
we assume that we can omit the interfacial stress between the crystal phase 168 and the solid phase (p 0,cr ) and we consider only the interfacial stress between 169 solid and gas phase and solid and liquid phase, p 0,g and p 0,l , respectively.
170
The solid pressure is then expressed as:
Using the relationship S g + S l + S cr = 1 and the definition of capillary pres- 
where p 0,l is defined as:
and p 0,g as:
Knowing that 2σ s,l r − 2σs,g r equals the capillary pressure p c , we can write:
Starting from a reference state p s = 0 defined by p g = p atm , p c = p c,ref and
and assuming that the gas pressure is constant and equal to the atmospheric pressure, equation 25 becomes:
The effective stress tensor σ is given by:
where D is the 4 th order elasticity tensor, assuming that the porous mate-180 rial exhibits linear elastic mechanical behavior. is the second order strain 181 tensor equal to the symmetric gradient of the displacement field u under the 182 assumption of small deformations:
T is the thermal strain tensor, accounting for the thermal expansion or 184 contraction of the porous material:
with α the thermal expansion coefficient of the porous material and T ref the 
201
The moisture content resolution with this technique amounts to 0.04 kg/m 3 .
202
The sample was prepared by applying a water and vapor tight membrane 
Savonnières properties 219
The total open porosity Φ of the Savonnières limestone used for the ex-220 perimental study was determined by vacuum saturation and amounts 26.9%.
221
The at a certain position x is found by:
with w l,cap (x) the capillary moisture content at the position x, determined 230 from the moisture profile in the capillary saturated sample in the absence 231 of salt crystals. As soon as salt crystals start precipitating, they as well 232 reduce the capillary active pore space. The crystals occupy a fraction of 233 the pore space Φ cr = ΦS cr and the capillary active pore space reduces to
The moisture retention curve of untreated Savonnières limestone, describ- 
with s the number of pore systems, l j weight factors, and c j , n j and m j model 240 parameters. Parameter m j can be estimated as (van Genuchten, 1980) :
For the wetting moisture retention curve in the capillary regime, the param-242 eters are given in Table 1 . When the capillary active porosity is reduced 
267
The thermal conductivity λ was measured using the heat flow meter measured using a strain gauge, and the E-modulus was determined from 282 the load-deformation curve. In the dry state, an average E-modulus of 13.9
283
GPa is found perpendicular to the bedding direction. When the stone is 284 capillary saturated, the E-modulus perpendicular to the bedding direction 285 reduces to 11.2 GPa. The change of E-modulus with saturation degree can 286 be approximated by: 
assuming the same tensile strain in dry and wet conditions.
298
The Biot coefficient of Savonnières limestone was not measured exper- 304
where D (C, T ) is the diffusion coefficient in function of concentration and 305 temperature in a non-dilute solution, taken from Rard and Miller (1979) , τ is 306 the tortuosity of the porous material, being 24.4 perpendicular to the bedding 307 direction, and n is the saturation exponent, taken equal to 1.6 (Buchwald,
.
309
To estimate the heat of crystallization L cr , the method described by Mar- 
313
The supersaturation U and the water activity a w are calculated using the 
with R the universal gas constant, T the absolute temperature andV cr the 320 molar volume of the crystal, being 27 cm 3 /mole for sodium chloride.
321
The kinetic growth parameters K m,cr and g cr for sodium chloride equal 
Simulation results and discussion
In this section, we simulate the coupled heat-moisture-salt transport and 325 salt crystallization and predict the risk for salt damage for the experiment The U start -value of 1.5 corresponds to a concentration increase of 9% by mass 
365
The environment surrounding the sample during the experiment is characterized by a relative humidity RH env of 5% and a temperature T env of 45°C.
Boundary conditions of the Neumann type are imposed on the top surface of the sample, being:
withq m the moisture flux andq e the heat flux at the boundary. p v,surf and
366
T surf are the vapor pressure and the temperature at the boundary surface.
367
The convective mass transfer coefficient CM T C is determined based on in- 
Results and discussion
375
From the experimental results, we know that the sample starts to deform 376 considerably after 100 minutes, due to crack formation. We expect that the U thr -function reduces to 1 (larger υ value), the longer it takes before the 387 effective stress exceeds the tensile strength.
388
We will further discuss three simulation results more in detail. We select 389 the U start -value of 1.5, which is the closest to the maximal value expected 
427
As our sample can deform freely, the solid stress σ s equals zero (i.e.
is equal to the external mechanical stress). This means that the effective stress σ is only determined by the solid pressure p s . Using equation 26 and considering that our simulation is 1-dimensional, so that we can denote the stresses by a scalar (i.e. we describe the stress along the height of the sample),
gives:
(S l + S cr ) dp c + S cr p x (43)
The effect of the hygric stresses, expressed by the first term in equation 43 428 is found to be negligible in this simulation, as they only range in the order in the zone where the crystals precipitate.
440
The liquid weight decrease is given in Figure 7a . The three simulations the crystallization kinetics, rather than on the amount of crystals formed.
447
The parameter study indicates that when it is more difficult for the crystals 448 to form (the lower l and the lower υ), the damage will occur faster once Table 2 : Maximal principal effective stress σ I,max after 2.5 hours using different parameter values, the height at which this effective stress is reached in the sample, and the time at which cracking occurs if the principal effective stress exceeds the tensile strength. The '-' symbol indicates that no cracks formed during the first 2.5 hours. The simulations indicated in bold are discussed further in detail. 
